In the developing world, the identification of clean, potable water continues to pose a pervasive challenge, and waterborne diseases due to fecal contamination of water supplies significantly threaten public health. The ability to efficiently monitor local water supplies is key to water safety, yet no low-cost, reliable method exists to detect contamination quickly. We developed an in vitro assay utilizing an odorant-binding protein (OBP), AgamOBP1, from the mosquito, Anopheles gambiae, to test for the presence of a characteristic metabolite, indole, from harmful coliform bacteria. We demonstrated that recombinantly expressed AgamOBP1 binds indole with high sensitivity. Our proof-of-concept assay is fluorescence-based and demonstrates the usefulness of insect OBPs as detector elements in novel biosensors that rapidly detect the presence of bacterial metabolic markers, and thus of coliform bacteria. We further demonstrated that rAgamOBP1 is suitable for use in portable, inexpensive "dipstick" biosensors that improve upon lateral flow technology since insect OBPs are robust, easily obtainable via recombinant expression, and resist detector "fouling." Moreover, due to their wide diversity and ligand selectivity, insect chemosensory proteins have other biosensor applications for various analytes. The techniques presented here therefore represent platform technologies applicable to various future devices.
Introduction
Ensuring water supplies are safe is crucial to public health. Water supply safety concerns are not limited to potable water or even water that is intended for domestic use; irrigation water and water sources not intended for direct human use or consumption must also meet basic safety and hygiene requirements in order to ensure public safety and prevent disease transmission from water-borne microbes. A key indicator organism that reveals contamination in a tested water sample is the bacterium, Escherichia coli [1, 2] . However, present methods approved by the US Environmental Protection Agency for detecting E. coli contamination require at least 24 h [3] . Given the relatively short time required to distribute foods such as vegetables that may have been treated with water, a reliable detection mechanism requiring less time would improve water safety. An interesting characteristic shared by many current contamination detection methods is the essentially retroactive or ex post facto nature of their results; however, since point source contamination of water supplies is sometimes swift, a quick, field-deployable device could address water safety concerns on a more immediate basis. Deadly outbreaks of E. coli O157:H7, such as the incidents involving spinach grown in California [4, 5] and lettuce grown in Arizona [6] , highlight the need for a rapid, effective, and cost-efficient E. coli detection method, as modern distribution networks can quickly result in contaminated food infections spanning large geographic areas. For example, the 2018 E. coli O157:H7 outbreak from Arizona lettuce resulted in 210 cases of infection in 36 states, including 96 hospitalizations and five deaths; one death involved a patient infected across the country in New York [6] . A field-deployable, easy to use biosensor capable of providing rapid results in response to point-source contamination of the water supply would have been particularly valuable in these instances.
Insects rely on several classes of chemosensory proteins to detect scents and tastes from the environment [7, 8] and to regulate crucial responses to environmental stimuli. The odorant-binding proteins (OBPs) are the first chemosensory proteins to bind to an odor or scent molecule from the environment, and are thus responsible for the initial step of molecule recognition. A highly successful and diverse group, insects have evolved a large variety of OBPs that are capable of binding to numerous molecules [7, [9] [10] [11] [12] [13] . Insect OBPs are relatively small (less than~20 kDa) proteins assembled with six α-helices and are additionally stabilized by disulfide bridges [14] [15] [16] [17] [18] [19] [20] [21] [22] to yield a robust and resilient structure. As a result, insect OBPs are characterized by thermal stability and resistance to proteolysis and denaturation as well as the capacity to readily refold upon restoration of favorable conditions [21, [23] [24] [25] [26] . Furthermore, many insect species rely on odor detection to regulate crucial behaviors, such as feeding and mating, and this detection of food sources and mates is mediated by insect OBPs and the closely related pheromone-binding proteins (PBPs) respectively [7, 8, 18, [27] [28] [29] [30] [31] [32] [33] [34] . Insect OBPs have consequently evolved into a diverse family of proteins with a wide range of analyte specificities and selectivities [28] [29] [30] [31] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . These robust, diverse proteins are thus well suited for service as detector elements in novel biosensors [46, 47] .
The advantageous physical and binding properties of insect OBPs [21] have resulted in several attempts at utilizing these proteins in biosensor devices to detect a variety of analytes. OBP14 from the honeybee, Apis mellifera, has been used to detect the neuroblastoma biomarker, homovanillic acid, in a device based on reduced graphene oxide (rGO) field-effect transistor (FET) technology [48] . The ligand specificity and selectivity of recombinantly expressed A. mellifera OBP14 can be fine-tuned by generating mutant variants; for example, an additional disulfide bridge in the protein's structure will increase its affinity for a component of plant odors that is also an insect pheromone precursor, eugenol [49] . In fact, the concept of fine-tuning biosensor responses by introducing mutations to an OBP detector element has been explored successfully [50] and may prove useful in future biosensor devices. An rGO-FET OBP14 biosensor can also be used to detect compounds attractive to bees [51] . Likewise, OBP biosensors relying on electrochemical impedance measurements are arguably feasible [52] and current technologies have made the artificial "electronic nose" realistic [53] . These and similar insect OBP-based biosensors demonstrate that proteins derived from the insect chemosensory system are suitable for use as detector elements in biosensors; however, these biosensors are generally complex devices with reporter mechanisms that rely on advanced technologies.
In contrast, the novel biosensors we have previously described [46, 47, 54, 55] and have now implemented here combine the advantages of an insect OBP-based detector element with simple, established reporter mechanisms based on proven technologies [18, 31, 34, [56] [57] [58] . Accordingly, we describe two biosensor implementations based on an insect OBP, AgamOBP1 from Anopheles gambiae, as the detector element. Both biosensors can detect the characteristic bacterial metabolite, indole [59] , quickly and with high sensitivity, making the devices suitable as first-line means of detecting coliform bacterial contamination in water supplies.
Materials and Methods

Cloning AgamOBP1
A PCR-amplified DNA fragment encoding AgamOBP1 (AF437884) was cloned into pRSET-B (Thermo Fisher Scientific, Waltham, MA, USA) and soluble recombinant protein (rAgamOBP1) was produced in E. coli BL21 Star (DE3) pLysS cells [18, 34] . The rAgamOBP1 protein was purified on a nickel-NTA column following the manufacturer's directions (Thermo Fisher Scientific, Waltham, MA, USA), eluted with 5 mM EDTA and subjected to extensive dialysis against 50 mM Tris-HCl pH 7.4.
Attenu Assay System
The Attenu assay takes advantage of the fluorescent properties of the dye, 1-NPN (N-Phenyl-1-naphthylamine, CAS 90-30-2) [18] . 1-NPN exhibits a detectably altered emission spectrum when interacting with the ligand-binding pocket of insect OBPs in that the peak emission wavelength is shifted from 460 nm to 416 nm and the maximum response amplitude is increased. When a ligand displaces 1-NPN from the OBP's binding pocket, fluorescent response is reduced. This fluorescence quenching can be detected using a spectrophotometer. The Attenu screening system was utilized with concentrations of ligands and rAgamOBP1 in the µM range and fluorescence was detected using a Molecular Devices Gemini XPS spectrofluorometer (Sunnyvale, CA, USA). The results are depicted in Figures 1-3. 
Lateral Flow Devices
The lateral flow devices utilized absorbent pads supporting a nitrocellulose membrane that is in contact with the sample and conjugate pads. The conjugate pad contains rAgamOBP1 conjugated to 30 nm colloidal gold, which served as a source of color for both test and control lines; colloidal gold is visible to the naked eye. The test line contains a competitive ligand and the control line contains an anti-rAgamOBP1 antibody. If a tested sample contains indole or its derivatives, these molecules will displace the competitive ligand from the test line; a positive result is one in which the visible test line is lost. The control line will verify functionality of the device if a visible signal is produced as the anti-rAgamOBP1 antibodies capture displaced rAgamOBP1. The device is depicted in Figure 4 .
Devices are assembled from sheets that are striped with the appropriate molecules using a SynQuad Automated Dispenser (Cartesian Technologies, Irvine, CA, USA) and cut into 5 mm strips. The strips can be supported by an inert, rigid material, such as plastic (e.g., polypropylene).
A tested solution travels along the strip via capillary action with the speed of flow determined by the pore size of the membrane. Visible results appear in less than 20 min. More detailed analyses of the results can be achieved if the strips are allowed to dry for 24 h and then read using a Qiagen ESE-Quant GOLD scanner (Qiagen, Hilden, Germany) to determine the absorbance by position in 40 µm increments. The scanner merely allows for quantification as well as detection of differences not obvious to the naked eye; it is not necessary for operation of the device or rapid detection of indole.
In order to generate a test strip capable of acting as a real-time positive control, we used the Attenu assay [18] to isolate a synthetic ligand for rAgamOBP1 from a combinatorial chemical library (ChemBridge, San Diego, CA, USA). The synthetic ligand was used in the positive control strip. Tests were performed using a 2X ligand dilution series in which strips are exposed to differing concentrations of indolepropionic acid bound to BSA (IPA-BSA) with constant amounts of Hi-Veg media (containing high levels of tryptophan, the metabolic breakdown of which produces indole) and of rAgamOBP1 conjugated to 30 nm colloidal gold.
The completed device was evaluated using E. coli K-12 cells (ATCC, Manassas, VA, USA). Liquid cultures of K-12 were diluted 1000X in Hi-Veg media to provide a source of tryptophan that the cells metabolize into indole. Cells were incubated for 60 min and 500 µL aliquots were removed every 30 min for testing. Tests lasted 3 h and the absorbance at OD 600 of tested samples ranged from 0.005 A to 0.05 A.
Results
Fluorescence-Quenching Assay to Detect Coliform Bacteria and Fecal Contamination
The Attenu assay system [18] was used as the platform for a plate-based biosensor with recombinant AgamOBP1 at 1 µM as the detector element. This device was tested with samples of bacterial cells at various concentrations as well as aqueous solutions containing indole.
Indole detection testing was performed with varying concentrations of indole in water. Initial results indicated that the biosensor detected indole at concentrations less than 100 nM (~5 ppb; Appendix A Figure A1 ) and detection requires 30 min or less, making this biosensor not only more sensitive than the standard method of detection but also much more rapid [3] . Expanded testing using indole derivatives including 1-methyl indole, 3-methyl indole (skatole), and 5-methyl indole each at 10 µM concentrations showed binding to skatole only (Figure 1) . Figure 1 . A novel plate-based biosensor to detect indole with high sensitivity. The Attenu fluorescence-quenching assay was adapted to develop a biosensor and rAgamOBP1 at 1 µM served as the detector element. The fluorescent dye, 1-NPN, binds rAgamOBP1 and results in a signal that can be detected spectrophotometrically. Analytes capable of binding to rAgamOBP1 displace the dye from the protein's binding pocket, thus resulting in fluorescence quenching. The tested compounds at 10 µM concentration included indole (Ind), 3-methyl indole (3-Me Ind), 1-methyl indole (1-Me Ind), and 5-methyl indole (5-Me Ind). Six replicates of each compound were evaluated. Three replicates were performed with rAgamOBP1 and buffer alone as controls. The loss of signal indicates a binding event; thus, note the signal drop generated by indole and to a lesser degree 3-methyl indole. The bars are STDEV determined with Excel and the raw data are shown in Appendix A Table A1 .
Detecting E. coli Cells
E. coli detection was tested for response time and sensitivity. The plate-based biosensor detected 50 cfu (colony forming units) of E. coli strain K-12 cells after a 30-min incubation, and the signal became increasingly robust up to the maximum incubation time of 120 min ( Figure 2 ). The plate-based biosensor was also tested for sensitivity, and detected less than 5 colony-forming units (cfu) of E. coli after a 30-min incubation (Figure 2 ). 
Detecting Fecal Contamination
The plate-based biosensor was also tested for the ability to detect fecal contamination in an aqueous solution. Canine feces were diluted in water at abundances ranging from 100 ppm (parts per million) to 10 ppb (parts per billion). The biosensor was effective for the detection of fecal contamination in water with a reliable detection limit of 100 ppb. The linear range of detection is from 10 ppm to 100 ppb (Figure 3) , making this biosensor a responsive, sensitive instrument for fecal contamination of water supplies. 
Low-Cost Portable Lateral Flow Device to Detect Fecal Contamination
Lateral flow devices were assembled in a format resembling commercially available pregnancy test kits with blank "cassettes" made of inert plastic (e.g., polypropylene). The device is based on competitive binding between an analyte in the tested sample and a synthetic ligand to rAgamOBP1 and results are interpreted based on the color of a test line and a control line. The device detected indole in aqueous solutions at concentrations as low as 100 ppm (Figure 4) . 
Discussion
Herein we describe a novel sensor technology encompassing an olfactory protein from Anopheles gambiae mosquitoes, AgamOBP1, as the detector element [7, 46, 47, 54, 55, 60] . AgamOBP1 binds analytes associated with coliform bacteria and does so with high specificity and sensitivity [18, 34] , allowing the rapid detection of low level E. coli contamination in water supplies. Moreover, AgamOBP1 is a resilient protein that has the typically robust OBP structure with six α-helices that are stabilized by disulfide bridges [14] [15] [16] [17] [18] [19] [20] [21] [22] ; in our laboratory, samples of AgamOBP1 remained active after being stored in 50 mM Tris-HCl pH 7.4 for up to 5 years (Appendix A, Figure A2 ). We demonstrate two implementations of AgamOBP1 as a detector element in biosensors that indicate the presence of coliform bacterial metabolites in aqueous solutions [46] .
One implementation of an OBP-based biosensor is based on an established reporter mechanism, the Attenu assay [18, 31, 34, 46, 61] , and can be implemented in vitro (Figures 1-3) . In this implementation, based on competitive binding between either a fluorescent indicator dye or any given analyte [21, 62] for AgamOBP1's binding pocket [18, 34] , recombinantly expressed AgamOBP1 can detect the bacterial metabolite, indole [59] , in concentrations below 1 µM in aqueous solutions (Appendix A Figure A1 ). The plate-based biosensor can also detect E. coli cells rapidly, requiring less than 30 min for a result (Figure 2) .
However, insect OBP-based biosensors can also be incorporated into lateral flow devices [46] assembled as nitrocellulose strips or sheets with a paper sample pad or wick and supported on a plastic (e.g., PVC) substrate [56, 58, [63] [64] [65] [66] . Such devices are similar in implementation to commonly available pregnancy tests or "dipsticks", and can take advantage of existing packaging facilities for mass production purposes as a result [56] [57] [58] . In this biosensor, a test strip contains a known ligand for AgamOBP1, and a control strip contains an antibody against AgamOBP1. When an aqueous analyte mixture is introduced, an AgamOBP1-colloidal gold complex travels laterally along the device's surface. If AgamOBP1 has bound none of the ligands from the tested aqueous solution, then it will bind the test strip, deposit colloidal gold, and cause a color change. A ligand from the tested solution bound by AgamOBP1 will prevent this color change in the test strip; thus, the absence of a color change on the test strip indicates a positive result. The control strip verifies that AgamOBP1 is present and travelled laterally along the device.
Both implementations of insect OBP-based biosensors yield data in less than 1 h. Our results indicate the OBP-based approach is at least one thousand times (1000X) more sensitive than previous methods (e.g., the indole spot test) [59] used for determining the presence of indole. The devices presented herein thus provide proof of concept for insect OBP-based biosensors in general [46, 47, 54, 55] . Future OBP-based biosensors can take advantage of the high sensitivity and versatility of the insect chemosensory system [7, [9] [10] [11] [12] [13] to detect a wide variety of analytes.
The techniques described here can be used to assemble OBP-based biosensors for a wide variety of applications including the detection of environmental, chemical, or biological compounds or contaminants [46, 47, 54, 55] . Such uses include the detection of toxins or stereoisomers generated during chemical or pharmaceutical synthesis [21, [67] [68] [69] , the detection of harmful volatile organic compounds (VOCs), quality control of foods and pharmaceuticals [21, 70, 71] , and the detection of volatile compounds present in weapons or explosives [21, 72, 73] . These biosensors can also be used in medical diagnostics [21, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] as well as numerous other applications where high detector stability, high sensitivity, and analyte selectivity are required. When used as detectors of coliform bacteria in aqueous solutions, the OBP-based biosensors described have specific advantages over bacterial cultureor plate-based detection methods in that the latter can only reveal the presence of living cells and require up to 24 h to do so. OBP-based detectors are not only capable of rapid detection but can also be targeted against coliform-specific metabolic byproducts-that is, the biosensors detect coliform contamination whether the sample contains living cells or not [46, 47, 54, 55] . Unlike PCR-based methods, OBP-based biosensors can be implemented as simple devices that do not require high levels of end-user expertise [56, 58, [63] [64] [65] [66] . Furthermore, although antibody-based biosensors are established [89] [90] [91] , they are limited to detecting analytes that are sufficiently antigenic. Since OBP-based detector elements do not rely on antibodies, they can detect analytes with poor antigenic properties. Thus, the described platform technology has immediate application to a variety of important sensor and detector implementations. 
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Appendix A Figure A1 . Response of AgamOBP1 to various dilutions of indole using the Attenu assay. Concentrations of indole including, from left to right, 0, 100 nM, 1 µM, 2.5 µM, 5 µM, and 10 µM were tested with the Attenu assay. Shown on the plot are two separate experiments run with the same indole dilutions. The first experiment is shown as blue circles, the second as red diamonds.
Note that a drop in response is visible even at 100 nM. Table A2 . Raw numbers and statistical analysis of the data shown in Figure 2 . Area under the response curve from the Attenu assay is shown in the first 3 rows. The type of bacteria is listed above the Table. Averages and statistical analysis are shown in the last 3 rows. Table A1 . Raw numbers and statistical analysis of the data shown in Figure 1 . Area under the response curve from the Attenu assay is shown in the first 6 rows. The indole derivative is listed on top. Averages and statistical analysis are shown in the last 3 rows. Indole  Buffer  15568  41586  125719  105668  106916  33036  47193  126569  77743  85425  10714  73470  99218  83534  97430  41302  81037  67384  104760  --39975  79938  111689  82392  --46871  60676  108177 Table A2 . Raw numbers and statistical analysis of the data shown in Figure 2 . Area under the response curve from the Attenu assay is shown in the first 3 rows. The type of bacteria is listed above the Table A3 . Raw numbers and statistical analysis of the data shown in Figure 3 . Area under the response curve from replicates in the Attenu assay is shown in the first 3 rows. 
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